Abstract-The recently introduced twisted and coiled polymer muscle is an inexpensive and lightweight compliant actuator. Incorporation of the muscle in applications that rely on feedback creates the need for deflection and force sensing. In this paper, we explore a sensing principle that does not require any bulky or expensive additional hardware: self-sensing via electrical impedance. To this end, we characterize the relation between electrical impedance on the one hand, and deflection, force, and temperature on the other hand for the Joule-heated version of this muscle. Investigation of the theoretical relations provides potential fit functions that are verified experimentally. Using these fit functions results in an average estimation error of 0.8%, 7.6%, and 0.5%, respectively, for estimating deflection, force, and temperature. This indicates the suitability of this self-sensing principle in the Joule-heated twisted and coiled polymer muscle.
I. INTRODUCTION

C
OMPLIANT actuators are a popular area of research [1] , [2] . Their inherently low mechanical impedance enables safe interaction with humans, other robots and an uncertain environment. In analogy to the human muscle, often represented by Hill-type models [3] , artificial muscles are actuated compliant elements. Polymeric Artificial Muscles (PAMs) form one group within the variety of artificial muscles Twisted and The muscle contracts when heated and has a substantial mechanical stiffness, so a force F results from a temperature change or a deflection Δx. The metal wire has an inductance, so a magnetic flux B results from a change in current i through the wire. The wire's resistance changes with temperature. Therefore, the electrical impedance of the muscle provides information on the mechanical state.
Coiled Polymer Muscle (TCPM). Actuators based on Conductive Polymer (CP), Ionic Polymer-Metal Composite (IPMC), and dielectric elastomer, among others, constitute this group. Within PAMs, the TCPM [4] is a recent development. It is a thermally activated actuator in the form of a coil made of a twisted polymer fiber such as a nylon fishing line. Despite low speed and efficiency, this actuator is capable of high strain, high power-, and work density [5] and production is inexpensive [4] .
Self-sensing actuators are a promising research direction to have truly collocated sensing [6] and to enable closed-loopcontrolled systems without increasing cost. Dosch and Inman coined the term in 1992 and applied the principle to a piezoelectric actuator [6] . Although a strict definition does not exist, systems are considered self-sensing when information on the state of the system is provided by reading input signal behavior, using a special input signal, or adding additional leads to existing hardware [7] . In general, self-sensing actuators make use of "smart materials" [8] or "smart structures" [9] .
In PAMs, diverse types of self-sensing already exists: CP actuators consist of a conductive and nonconductive polymer structure placed in an electrolyte. A Faradaic process drives these actuators [10] . Changes in the physical, chemical, or thermal domain effectively change the resistivity [7] , [11] . A carbonparticle-containing version of this actuator, as presented in [12] , works in the same way. IPMC actuators are structures of an ion-conducting polymer membrane coated with metal on either side, placed in deionized water. Ion migration due to application of an electrical potential drives these actuators. The nonuniform ion concentration affects the applied electrical potential [13] . An actuator related to the TCPM is the twisted carbon nanotube yarn actuator. It responds to heat. In [14] , a layered version of this actuator measures strain due to changing capacity. In [15] , a glucose-containing version of this actuator can sense temperature.
To date, feedback-controlled systems with TCPMs still rely on conventional sensing methods for information on their state. Existing applications use encoders [16] and laser distance meters [17] to provide position feedback, and load cells [16] to provide force feedback. Next to these solutions, we can imagine the use of linear potentiometers, hall sensors, and thermocouples to provide feedback when applying TCPMs. The cost of these sensors range from around 1 euro to upwards of 1.000 euro's. Adding the previous solutions to TCPMs increases their weight, size, and cost disproportionately. This makes development of self-sensing in TCPMs a priority.
In this paper, we introduce self-sensing for Joule-heated TCPMs. Following up on our work in [18] , we make use of the macroscopic resemblance between helical springs and solenoid coils, illustrated in Fig. 1 . We characterize a relation between deflection, force, and temperature on the one hand and electrical impedance (inductance and resistance) on the other hand. In this first proof of principle, we disregard time-dependent behavior. We evaluate the relation both in the theory and in practical experiments, demonstrating usability for sensing.
Section II introduces the TCPM and its production in more detail. Section III contains the derivation of theoretical relations between inductance and resistance on the one hand, and deflection, force, and temperature on the other hand. Section IV describes the experiment used to investigate the usability of these relations for sensing. Section V presents the results, followed by the discussion in Section VI, and the conclusion in Section VII.
II. MUSCLE
This section introduces the working principle of the TCPM, followed by its construction method in general.
A. Working Principle
As explained in [4] two principles form the base of the TCPM's functionality. 1) A negative thermal expansion in the axial direction, caused by what in rubbers is known as the entropic effect [19] . When heated, highly drawn polymeric fibers access conformational entropy providing reversible contractions. 2) Amplification of stroke: Inserting twist into the polymer fiber amplifies the tensile stroke. The TCPM is a coil made from this highly twisted fiber. A number of parameters determines the achievable stroke and load capacity, for example: precursor-fiber dimensions and material, number of twists, load while twisting, and coil diameter.
Application of heat drives the TCPM. Although a number of methods exist [4] , [5] , [16] , [20] , the simplest applicationoriented method is Joule heating with a resistance wire. Wrapping the resistance wire around the polymer, as illustrated in Fig. 1 , distributes contact of the wire with the polymer over the muscle. Passing a current through the resistance wire heats up the wire, and subsequently, the polymer.
B. Twist Insertion and Incorporation of the Resistance Wire
The construction of the TCPM with Joule heating via a resistance wire follows the method in [4] and [17] . We start with aligning a polymer precursor fiber with an equal length of the resistance wire. We jointly clamp one end to a rotational motor. A weight is fixed to the other end using a tether and a system of pulleys, such that it applies a constant load on the fiber under influence of gravity. Rotation of the motor inserts twist. Blocking rotation of the tether prevents the wires from untwisting, while the applied load prevents the wire from snarling. When coils start forming spontaneously (cf. nucleation of coiling or auto coiling [4] ), the fiber has reached maximum twist density. At this point, we stop twist insertion.
The physical connection between the resistance wire and the polymer fiber has to be reliable in order to achieve repeatable actuation and sensing. As a consequence of the twist insertion process, the resistance wire is automatically wrapped around the thickening polymer fiber and tightened, partly embedding itself in the polymer.
C. Mandrel Coiling and Thermal Annealing
Guiding the resistance-wire-wrapped precursor fiber around a mandrel forms the TCPM. This is done under the same load as the twist insertion process. The ends of the mandrel are manufactured such that the wire's ends line up in the middle of the coil. Mandrel coiling is done such that a homochiral TCPM results [4] . Mandrel formed coils require thermal annealing to retain their shape when taken off the mandrel. Our TCPMs are annealed for one hour at 175
• C in a conventional oven.
D. Training
Training of the muscle is usually seen as repeating the actuation cycle in the setup a number of times before performing the actual experiment [5] , [20] , [21] . We let muscles undergo a number of cycles of heating and cooling, from room temperature to the maximum actuation temperature, in the intended setup. When the muscle shows repeatable temperature-force behavior, we consider it trained.
III. SELF-SENSING MODEL DERIVATION
TCPMs could be considered actuated coil springs. Also, TCPMs with Joule heating contain conductive material. Therefore, our reasoning in [18] can be extended to TCPMs: A TCPM's electrical impedance changes with deflection, force, and temperature. In a dynamic application, these state variables are highly coupled with each other. Only two are required to fully describe the TCPM's behavior. We assume that in a quasistatic case temperature and deflection are independent, and that force is a function of these two. This section characterizes the dependencies of inductance and resistance on temperature and deflection. We solve the two independent equations to find expressions for deflection and temperature, with inductance and resistance as input. Finally, we find an expression for force dependent on deflection and temperature.
A. Inductance
Several models exist to describe inductance L of coils. The simplest form is
for example given in [22] . It depends on the magnetic permeability µ 0 , the number of windings N , the length x, and the radius r of the coil. This equation assumes homogeneity of the magnetic field inside the coil, and it neglects flux leakage. Adaptations of (1) are introduced in [23] and [24] to improve the accuracy of this model. Maxwell provided another approach in [25] , by summing the self-and mutual inductances of the individual windings in a coil. Neumann's equation [26] supposedly provides the most accurate model, but requires computation of line-or volume integrals. A more thorough comparison of these inductance theories can be found in [18] . When investigating the relation between coil length and inductance, it becomes apparent that all models show inverse proportional behavior with an offset. In practice, theoretical and actual inductance differ. Recently, we showed that a fitting relation with two parameters
performs adequately for deflection sensing of coil springs [18] . Herein, Δx is the deflection, and x 0 the known rest length of the spring. The two parameters λ x and λ o can be determined using a least-squares fit on minimally two points. For the metal coil springs of [18] , this fit suffices to estimate deflection or force. In the TCPM, however, this fit function does not suffice. Heat drives the system by changing the geometry and properties of the material. A pilot experiment has shown that an increase in temperature gives an offset to the inductance. Therefore, we add temperature T and a parameter λ T to (2), resulting in
B. Resistance
An increase in temperature typically increases the resistance of conductors. For the temperature differences under consideration, the linear approximation
suffices [22] . In this approximation, the actual resistance of the conductor R depends on the resistance R 0 at a known temperature T 0 , the current temperature T , and the temperature coefficient κ. Another influence on resistance is deflection of the muscle. This increases or decreases the strain on the Joule-heating wire. Like a common strain gauge, this influences the resistance. A pilot experiment has shown that an increase in deflection, decreases the resistance.
We assume that these influences and possible other influences caused by temperature and deflection are linear and additive. The equation
with ρ x , ρ T , and ρ o as fitted parameters, describes the dependence of resistance on deflection and temperature.
C. Estimating Temperature, Deflection, and Force From Inductance and Resistance
For self-sensing purposes, the aforementioned relations for inductance and resistance need to be solved for temperature and deflection. In turn, force depends on both temperature and deflection.
Solving the two independent equations (3) and (5) for their inputs T and Δx gives two nonlinear equations
and
with
both containing the six presented parameters that need to be identified. Currently existing models for the TCPM let the force depend linearly on actual deflection and a difference in rest length due to thermal activation [16] , [27] , [28] . Although cross terms might increase the accuracy of the model, in this paper, we chose to follow the linear relation
with φ x , φ T , and φ o as parameters that need to be identified.
IV. EXPERIMENT
This section describes the experiment to validate the fit functions in Section III, including muscle construction, experimental protocol, and data analysis.
A. Muscle Construction and Material Choice
The muscle was fabricated according to the method in Sections II-B-II-D, with the specifications in Table I. A table- mounted drill functioned as the motor. The number of revolutions was counted by an Arduino Uno, reading a hall sensor that was triggered by a permanent magnet attached to the head of the drill. Regarding the precursor fiber, we chose transparent nylon fishing line from midnight moon with a diameter of 0.6 mm. The muscle had a rest length after training of 61 mm.
The resistance wire has a dual purpose as it generally serves as the Joule-heating element and here as the probe for self-sensing of temperature, deflection, and force. We, therefore, chose an iron resistance wire with a diameter of 0.2 mm. The temperature coefficient of iron is κ = 6.41 · 10 −3 • C −1 . Equation (4) shows that with a temperature difference of for example 70
• C, the resistance should change with an order of magnitude of about 45%. 
B. Experimental Setup
Verification of the fit functions required data on temperature, deflection, force, inductance, and resistance. Parts of the data were used for fitting, the other parts were used for verification.
We used a Zwick Z005 Universal Testing Machine (UTM) with heating chamber to control and/or measure temperature, deflection, and force. The heating chamber allowed us to achieve a fully homogeneous temperature distribution in the muscle. The positioning uncertainty of the UTM is 2 µm. The uncertainty of the 1-kN loadcell is 0.35% at 0.2% of its capacity, i.e., an uncertainty of at most 7 mN. The temperature uncertainty of the sensor is 0.5
• C. An LCR43100 by Wayne Kerr measured the inductance and resistance via four RG178B/U coax cables of 1 m, which allowed for measurements inside the heating chamber. Fig. 2 illustrates the setup and the TCPM in practice.
The measurement-signal frequency of the LCR43100 was based on a pilot experiment. This experiment determined the order of magnitude of resistance and inductance. The signal frequency was set such that the real and imaginary part of the electrical impedance were of approximately the same order of magnitude, with an acceptable measuring uncertainty. With the order of magnitude of resistance and inductance at, respectively, 10 Ω and 5 µH, a signal frequency of 0.5 MHz resulted. The relative accuracy of the LCR43100 with this configuration is 0.5%. We neglect a possible influence of the measuring signal on the temperature of the muscle.
C. Protocol
For this experiment, the UTM controlled temperature and deflection, and measured force. A pilot experiment showed that at the conventional maximum actuation temperature of 120
• C [5] , [16] , [29] and large deflections, the TCPM deformed in an unexpected fashion. Therefore, we chose a uniform temperature distribution with seven points, ranging from 50
• C to 110 • C. At each temperature, a series of 15 extending, and subsequently, 15 retracting steps was applied. The deflection ranged from 2 to 30 mm. The UTM extended and retracted at approximately 15 mm/min. Fig. 3 illustrates the sequence of deflection steps, and the division between fitting and verification steps. The UTM logged data at approximately 10 Hz. The UTM maintained each deflection step for 15 s. This allowed the LCR43100 to measure inductance and resistance. A MATLAB script was used to time, trigger, and read out ten measurements via a serial connection, at each deflection step. A single measurement took approximately 0.8 s. The ambient temperature at the start of the experiment was 23
• C. In more detail, the protocol was as follows. After training the muscle in the UTM, we calibrated the LCR43100 with the measurement cables connected, to account for their flux area. The trained muscle was then fixed to the top clamp. Suspended from its own weight, the bottom clamp was attached, after which the UTM deflection and force was set to zero. For each reference temperature, the UTM ramped to the temperature, after which the extension/retraction sequence was triggered automatically, and we manually triggered the LCR43100 measuring script. After each sequence, the heating chamber was opened and cooled with forced convection for about 5 min.
D. Data Processing
The LCR43100 provided measurements that relate to a reference deflection at a reference temperature. The UTM provided measurements of temperature, deflection, and force related to time. The time intervals where the UTM held its position were indicated by the first and last instants where the deflection deviated less than 1 µm from its reference. Only data within these intervals were used for processing.
The means and standard deviations of all controlled and measured variables were calculated per deflection step. The relative standard deviation was calculated by dividing the absolute standard deviation by the difference between the maximum and minimum mean value of the variable over all data points.
The means and standard deviations provided discretized data points for fitting and verification. The order of the points was based on the moment of measuring. Following this order, the even-numbered mean values were collected in the vectors R f , L f , T f , Δx f , and F f , and were used for fitting. The Fig. 3 . Deflection steps taken during the experiment for one reference temperature, once the heating chamber had reached that temperature. The blue and red ribbons indicate which data were used for, respectively, fitting and verification.
odd-numbered mean values were collected in the vectors R v , L v , T v , Δx v , and F v , and were used for verification. Fig. 3 illustrates this division.
E. Data Analysis
The coefficients of (3) and (5) resulted from a least-squares fit, respectively, minimizing the errors with respect to the vectors L f and R f , with Δx f and T f as input. We used these coefficients as the initial condition for a nonlinear least-squares optimization with the trust-region-reflective algorithm, to minimize V , given by Using the entries of L v and R v as input for (6) and (7), respectively, gave estimates on temperature T e and deflection Δx e . These estimates served as an input for (9) to estimate force F e .
Comparing the estimates T e , Δx e , and F e with the measured values in T v , Δx v , and F v determined the quality of the fit. We used two measures to evaluate the estimation quality. First, the R 2 value, or variance explained, measured the quality of fit. It is defined as
in which y i are the n data points withȳ as their mean, and f i the estimates. Second, the Root Mean Squared Error (RMSE) quantified the estimation error. Comparing the RMSE of the estimates with the standard deviations of the measurements showed the reliability of the fit compared to direct measurements. The relative RMSE was calculated by dividing the absolute RMSE by the difference between the maximum and minimum measured value of the corresponding variable. The relative RMSE illustrated the magnitude of the error compared to the interval of interest. A fit with predicted isothermal, isometric, and isotonic lines illustrated the mapping from inductance and resistance to, respectively, temperature, deflection, and force. The vectors L * and R * were generated inputs for inductance and resistance. They consisted of 50 equidistant points between the respective minimum and maximum measured values. Equations (6), (7), and (9) provided the outcomes T * , Δx * , and F * .
V. RESULTS Table II shows the minimum and maximum measured values of inductance, resistance, temperature, deflection, and force. These measurement interval values were used to calculate the relative standard deviations and relative RMSEs. Table II also shows the maximum standard deviations σ for the measured data over all deflection steps and desired temperatures, both as an absolute and a relative value. They indicate the precision of the used instruments and protocol. Fig. 4(a) shows the fits for deflection, force, and temperature with inductance and resistance as input variables. The dashed lines are the predicted isometric lines of the deflection fit, the solid lines are the predicted isotonic lines of the force fit and the dotted lines are the predicted isothermal lines of the temperature fit. The labels of the isolines are, respectively, in mm, N, and
• C. Fig. 4(b) shows the estimated deflection Δx e at the corresponding measured deflection Δx v . Fig. 4(c) shows the estimated force F e at the corresponding measured force F v . Fig. 4(d) shows the estimated temperature T e at the corresponding measured temperature T v . In these figures, the circles indicate the data points for extension and the crosses indicate the data points for retraction. The red solid lines that bisect these figures, indicate the perfect values. Table III shows the fit-quality measures. Comparing the absolute and relative RMSE to, respectively, the absolute and relative standard deviations of T , Δx, and F in Table II indicates the difference in quality between estimating and measuring these variables.
Table IVshows the fitting parameters for (3) and (5), used in (6) and (7) to, respectively, estimate temperature and deflection, and the fitting parameters for force in (9) .
VI. DISCUSSION
This paper aimed at determining the usability of a static relation between electrical and mechanical properties of a Joule-heated TCPM. This paper took inductance and resistance as the relevant electrical properties to measure deflection and force as the mechanical state to estimate, and temperature as a relevant intermediate variable. For the investigated TCPM, estimation results showed an RMSE of 0.8% for deflection, 7.6% for force, and 0.5% for temperature. More mature sensing solutions for deflection, with a similar range, typically have an uncertainty in the order of magnitude of 0.2%. For existing temperature sensors that is typically around 0.5%, and for force also around 0.2%. Compared to these more mature solutions, self-sensing of deflection and temperature already approaches those uncertainties. However, force sensing is still far away from those solutions.
Deflection was measured and tracked very accurately, as indicated by the negligible variance. The RMSE can, therefore, be attributed to the fit function and realization of the muscle.
The slanting of the isometric lines in Fig. 4(a) shows the influence of temperature on inductance of the muscle. This implies 
that deflection sensing in TCPM should not rely on inductance only, in contrast to metal coil springs [18] . The RMSE of the force estimate is almost four times the maximum variance within a deflection step. A remarkable feature in Fig. 4(c) is that the force estimates while extending were generally underestimated and while retracting overestimated. Both might be explained by time-dependent behavior. Although we disregarded it in the fit function descriptions and data processing, in practice, we did encounter the effects. Spectral analysis of the force data indicated that frequency content above 2 Hz had an amplitude lower than the 7 mN uncertainty of the load cell. For a short analysis of the low-frequency behavior, we filtered the force measurements with a 2 Hz lowpass filter. This revealed a 30 mN force variation during measurements within a step, which is 4.1% of the force interval. The maximum hysteresis over a full deflection sequence was 149 mN. These values also explain the high variance and RMSE of force estimation.
The variance and RMSE of the estimate of temperature were comparable, so for estimation of temperature, the relation with electrical properties is as reliable as a ground-truth measurement with a standard temperature sensor. Fig. 4(a) shows that temperature mainly relates to resistance. However, since resistance also changes with deflection, including inductance in the fit function improves the estimates.
In Fig. 4(d) , some temperature measurements deviate from the reference temperature. The deviations occurred at the initial steps of the respective measurement series. This deviation is due to tracking inaccuracy of the heating chamber. This does not seem to influence the fit.
Implementations of the muscle will involve dynamic behavior. Currently, any damping is disregarded. The estimation principle should, therefore, be validated in a dynamic setting. Overall, temperature and deflection can be estimated accurately and precisely with a reasonable amount of static parameters. Force estimates should be improved by taking time-dependent behavior into account, for example as in [30] . Moreover, if the application of the TCPM is known, the fit functions could possibly be simplified by including system behavior. This paper did not investigate the repeatability of these measurements within a muscle, nor did it investigate the repeatability between muscles. Future research toward both will indicate the universality of the fit functions. We expect that the repeatability within a muscle strongly depends on the repeatability of the mechanical behavior of the TCPMs and relates to their timedependent behavior. This holds particularly for force. Therefore, investigation of this repeatability requires knowledge on creep, relaxation and other time-dependent effects. We expect that the repeatability between muscles strongly depends on the repeatability in production and training. Investigation hereof, requires knowledge on the repeatability of production and training.
A more detailed investigation on the influence of deflection and temperature on geometry and properties of the muscle might result in a more appropriate form of the fit function. Future work toward this aspect might improve the universality of the fit functions.
Furthermore, a change in the training procedure, for example, training at different loads, might result in a different relation between temperature, deflection, and force. This would also affect the universality of the fit. Therefore, future research should also be directed toward the effects of training.
This work is a proof of principle regarding self-sensing of Joule-heated TCPMs using their electrical impedance. We used a commercially available LCR meter and a heating chamber. When the principle is applied, the characterization should happen under conditions close to their application and with the measurement device used in the application. To that end, future work first aims at developing a practical combination of actuation and sensing. Preliminary design indicates that the required electronics for combined actuation and sensing will not exceed the size and cost of available methods. Future work will include a detailed design for such electronics and comparison of its performance to existing sensing solutions for deflection and force. Second, future work will combine modeling of the (thermo)dynamic behavior with the presented sensing principle, and validating the static relations in a dynamic setting. Moreover, time-dependent behavior will be included in the fitting relations, likely improving estimation of deflection and force.
VII. CONCLUSION
In this paper, we introduced self-sensing for Joule-heated TCPMs. We showed that deflection, force, and temperature of such a muscle can be estimated with high precision and accuracy from measurements on the system's inductance and resistance. The theoretically derived forms of static relations between the state of the muscle and its electrical impedance were validated by experiments. The relations resulted in an average estimation error of 0.8% for deflection, 7.6% for force, and 0.5% for temperature. This paper enables the incorporation of these inexpensive lightweight actuators in applications that require feedback, without the need of expensive sensors.
